Abstract-Terahertz dielectric spectroscopy permits the study of biomolecular interactions. However, water induces high attenuation of electromagnetic waves in the THz frequency range, obscuring the response of biomolecules. The developed sensor overcomes this problem by concentrating the THz wave propagating in an integrated waveguide on a small liquid volume contained within a capillary tube. Detailed electromagnetic modeling shows effective interaction between the THz waves and liquids. Transmission measurement results for capillary tubes filled with water and methanol mixtures demonstrate a substantial increase in sensitivity to changes of liquid permittivity. The current integrated sensor facilitates THz spectroscopy of biological liquids: a case study on buffered human serum albumin solution demonstrates a great potential to complement biochemical analytical tools.
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INTRODUCTION
Numerous research publications prove that THz (10 11 -10 13 Hz) waves can probe various inter-and intra-macromolecular functional properties: biomolecule's [1] [2] [3] and lipid membrane's [4, 5] hydration, binding reactions with other biomolecules [6] , conformational changes [7, 8] and its functioning [9] . This creates new possibilities for real-time, label-free biosensing of biomolecular entities of differing complexity: cells, nucleic acids, proteins, polypeptides, carbohydrates, lipids.
The majority of studies were carried out with specially treated samples in order to overcome the severe attenuation of THz waves by liquids which shadows the biomolecules' response. Pressed pellets [10] , hydrated films [11, 12] and cryogenically frozen samples enable freespace measurements to be carried out on biological samples with a reasonable sensitivity at THz frequencies. A disadvantage of these measurement methods is that the unnatural environment, does not allow investigations of biomolecule's conformational evolution with biological function. Another major drawback with free-space measurements is the necessity for large sample quantities and highperformance equipment (bright sources, sensitive detectors), which prohibits wide-scale application and commercialization.
Integrated THz sensing approaches have proved to be more sensitive and sample quantity-reducing [13] , but measurements with sufficient hydration still present a challenge. In integrated sensors based on planar transmission lines [14, 15] the sample cannot be loaded at the location of maximum EM-field strength, resulting in a large propagation attenuation along the longer transmission line required for a longer interaction path length. In the case of a single wire transmission line the interaction is much stronger [16] . Both planar transmission lines and single wire transmission lines suffer from excessive losses which reduce the measurement sensitivity to dielectric permittivity changes in the sample [17] [18] [19] .
This paper introduces a technique for highly sensitive THz liquid spectroscopy, which is suitable for bio-sensing applications. The integrated low-loss hexagonal cross-section waveguide (WH) [20] and commercially available fused silica capillary tube (CT) constitute an improved measurement technique. Sensor configurations with two CTs are tested and compared. Water and methanol measurements and simulations establish the high sensitivity of the proposed configuration. The methanol was selected as a well characterized simple organic polar liquid for sensor demonstration purposes and simulationto-measurement comparisons for different sensor configurations. Numerical modeling results for a case study of buffered solution of human serum albumin in its natural and unfolded conformational states are presented.
SENSOR AND MEASUREMENT SETUP
The WH produced by bulk wet anisotropic etching is used as a basis for the sensor structure, where additional holes in the center of the WH were micromachined to allow insertion of a CT. The sensor was designed to operate in the 226-336 GHz band (WR3.4). The width, height and length of the WH were 1200 µm, 500 µm and 10 mm, respectively (see Figure 1 ). Several types of WH-CT sensor configurations were produced:
• WHCT100 -WH in combination with CT, ID = 100 µm and OD = 360 µm • WHCT320 -WH in combination with CT, ID = 320 µm and OD = 435 µm where ID is the inner and OD -the outer diameter. The sensor configuration model with a quarter of it cut out along the WH is shown in Figure 1 . Flanges are modeled by two brass (σ = 2.47 × 10 7 S/m) blocks (10 mm × 10 mm × 5 mm) with a WR-6.5 waveguide inserted in the center. The flanges are 10 mm apart. Between the flanges a chip with WH waveguide is placed. The chip is a gold (σ = 4.09 × 10 7 S/m) block with a thickness of 700 µm (twice the wafer thickness), a width of 6 mm and a length of 10 mm. The WH is modeled as a hexagonal prism cut out of the chip and filled with air. The hexagonal waveguide dimensions are 1200 µm × 500 µm × 10 mm. CT and liquids are modeled as three concentric cylinders: an inner cylinder with dielectric properties of the liquid has diameter ID (100 µm or 320 µm); a silica (CST material library: r = 3.81, tan δ = 5 × 10 −4 at 281 GHz) tube with inner diameter -ID and outer diameter OD -18 µm (OD is 363 µm or 435 µm); the polyvinyl (CST material library: r = 3.49, tan δ = 1.9 × 10 8 at 281 GHz) coating of the CT is modeled by outer cylinder with outer diameter OD and inner diameter OD -18 µm. The CT extends through the entire model. The ports (1 and 2) are defined on the end facets of dielectric corresponding to WR-6.5 enclosed in the metal of the flanges.
The open boundary (or Perfectly Matched Layer) boundary conditions are applied, absorbing all inward traveling waves. Only a quarter of the model is simulated (meshed), as simplification is permitted due two symmetry planes: magnetic (H t = 0) on Y Z-plane and electric (E t = 0) on XZ-plane. The following meshing statistics have been applied: minimum mesh step 6.75 µm, maximum mesh step 60.14 µm and a total of 6.2 × 10 6 mesh cells. The water and methanol dielectric permittivity parameters for the 2nd order Debye model are taken from [21] . The 3D EM modeling is carried out with CST Microwave Studio's time domain solver, the Gaussian pulse is chosen as the port 1 time input signal for the Finite Integration Technique.
Since the chip with WH was not provided with flanges, the placement and alignment with the conventional flanges of the measurement equipment is carried out using an XY Zθ microtranslation stage. The measurements are performed with a Millimeter Vector Network Analyzer (MVNA) from AB Millimeter and WR-3.4 band front end components (see Figure 2) .
WR-to-WH coupling mismatch de-embedding is not attempted due to the poor reproducibility of reconnection using the micro-translation stage. This issue will be solved in the near future.
The chip loading procedure and liquid injection into the CT is done as follows. First, the measurement equipment is calibrated up to the front end output flanges. Then the chip with WH is aligned in the proximity of the reflection and transmission measurement arm flanges, the chip is pressed into contact and fixed by the movable transmission arm, and finally the CT is vertically inserted and one end is attached to a syringe suspended above the WH chip. The syringe is refilled by removing the plunger, so that the syringe barrel and the CT remain all the time in their initial positions. A picture of the assembled measurement system is shown in Figure 2 . 
MODELING AND EXPERIMENTAL RESULTS
From 3D EM modeling and E-field distributions (see Figures 3(a), (b) ) the conclusion can be drawn that the EM-wave propagating along the waveguide is partially reflected and partially transmitted through the CT and liquid contained in it (Figure 3(a) ). The reflections of the EM wave occur at the WH-to-WR interfaces and on the CT itself. Hence standing waves exist between the WR-to-WH transition and the CT. Standing wave ratios, calculated from E-field distributions, indicate that for both WH-CT configurations the standing wave before the CT is larger than the one after the CT. Therefore the reflection at the CT is higher than at the WH-to-WR interface. This justifies that the simulated transmission and reflection spectra (Figures 3(c) , (d)) featuring oscillatory frequency dependency and particularly the small oscillations of the transmission spectrum. The WR-to-WH impedance mismatch results from the fact that the WH has a slightly lower cut-off frequency. The WH was designed to be larger than the WR, in order to simplify the alignment task. Some of the EM energy is being radiated through the opening holes for the CT (Figure 3(b) ). The single mode waveguide concentrates the propagating THz wave on the part of CT inserted in the WH. The extent of the THz wave and liquid interaction is visible from the E-field intensity in the liquid Figures 3(a), (b) . In WHCT100 a large amount of the E-field is concentrated in the shell of the CT and less in the liquid. In the case of WHCT320 more EM energy is concentrated in the liquid, and therefore more energy is absorbed. The absorption is related to the dielectric relaxation of the liquid. The transmitted EM-wave undergoes attenuation and phase shift specific to the CT material and liquid. It is desirable to have a low permittivity and absorption CT material (e.g., PTFE, PMMA), in order to reduce the reflection and absorption in the CT. In Figure 4 the XZ-plane E-field amplitude distributions are shown inside and around the CT of both WHCT100 and WHCT320 filled with water and methanol. Even if the small CT has a stronger local E-field when compared to a larger CT, the total amount of liquid molecules interacting with the EM wave is significantly larger. This increases the transmission signal response to the collective vibrational mode of molecules in the liquid. However, considering the WHCT320 E-field amplitude distribution in water, further increase in CT diameter would not bring additional sensitivity, because less power is being transmitted and more liquid is being shadowed.
The methanol was selected as a simple organic, well characterized, polar liquid for sensor demonstration purpose and comparison of different sensor configurations simulations and measurements. In order to evaluate the performance of the sensor, measurements on two well characterized liquids are performed. The difference between the transmission of WH-CT filled with methanol and water, S 21 (MeOH)-S 21 (H 2 O), yields the water-to-methanol sensitivity of the sensor configuration. The higher the sensitivity the smaller the complex dielectric permittivity changes that can be detected, which is desirable for bio-sensing with THz. The simulated and measured water-to-methanol sensitivities of WHCT100 and WHCT320 are shown in Figure 6 .
The water-to-methanol sensitivities, averaged over the frequency range, are 1.37 dB for WHCT100 and 17.55 dB for WHCT320. The highest water-to-methanol sensitivity of 26.69 dB is obtained for WHCT320 at 303 GHz. The liquid volumes enclosed in the WHCT100 and WHCT320 configurations are 4 nl and 40 nl, respectively. The sensor configuration with a CT of larger ID and thinner walls exhibits higher sensitivity, due to an increased EM wave interaction with the liquid. However, a CT with too large an internal diameter could result in excessive attenuation by the liquid, which might be inappropriate for a given measurement system. This method results in higher sensitivity than reported in [16] , which is around 2 dB in 50-110 GHz. The sensitivity reported here can be further increased by applying resonant [22, 23] or differential techniques. The sensor configuration can also be used as a THz spectroscopy tool for liquids, utilizing numerical or analytical [24, 25] techniques to estimate the permittivity function of liquids in the CT. The dielectric parameter estimation can be achieved without waveguide calibration [26, 27] using CT with different IDs and same OD.
It is to be expected that biomolecules dissolved in water perturb the water's hydrogen bonding network dynamics in their vicinity, creating in this way a hydration shell of more tightly (or loosely) bound and thus slower (or faster) water molecules. As the dipolar relaxation time constant of water molecules in the hydration shell is different from that in bulk water, the hydration shell absorption will be lower or higher compared to bulk water depending on whether the biomolecule is chemotropic (slower water molecules in the hydration shell) or chaotropic (faster water molecules in the hydration shell).
Collective protein-water network dynamics probed by THz spectroscopy for native, extended and unfolded human serum albumin (HSA) conformations proves that the HSA hydration layer is dependent on its conformation [28] . This indicates that the surface area, number of exposed hydrophobic or hydrophilic functional groups, and volume of the molecule are correlated with the biomolecules' hydration shell. Hence, changes occurring on the biomolecular level through changes in the hydration layer of biomolecules give rise to changes in THz response.
The transmission spectrum of a WHCT sensor configuration is strongly influenced by the liquids' absorption of THz waves. Therefore the WHCT sensor enables the detection of biomolecule hydration layer changes. To estimate if the WHCT can detect the dielectric permittivity changes occurring during HSA thermal denaturing, the dielectric parameters were taken from [28] and simulated with our WHCT320 model. The parameters and simulation results for a 1 mM HSA mixture are summarized in Table 1 .
CONCLUSION
The presented sensor configuration uses THz radiation to probe changes occurring at the biomolecular level in liquids and highly hydrated specimens. THz spectroscopy of liquids was previously hindered by low sensitivities in comparison to other measurement techniques. The sensitivity is increased by utilizing low-loss integrated waveguides and improving the interaction strength between the THzwave and the liquid. The interaction level is controlled by changing the liquid volume enclosed in the waveguide. The unprecedented waterto-methanol sensitivity (average -17.55 dB, maximal -26.69 dB) in a 226-336 GHz frequency range is achieved using room temperature operated solid state source and detectors. An estimated sensitivity value of 1.8 dB of this first sensor prototype to conformational changes in human serum albumin reveals the THz biosensing potential of this method. A capillary tube is an appealing vessel for THz spectroscopy tool due to its common usage in life sciences and disposability.
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